An optical technique to characterize the accretion of material by microparticles is described. Experiments on the absorption of water vapor by single levitated polystyrene microparticles are reported as examples of an application of the technique. The optical resonant frequencies of the microparticles are perturbed by the accretion of material and the observed shifts are used to characterize the growth. This technique, resonant ellipsometry, makes use of the polarization character of optical resonant modes to distinguish particle swelling from surface layer formation. The experimental results indicate that water vapor absorbed by polystyrene microparticles diffuses primarily into the particle bulk.
I. Introduction
In this paper an optical technique to characterize the growth of microparticles by the accretion of material is described. Experiments made to characterize the absorption of water vapor by single levitated polystyrene microparticles are reported as examples of an application of the technique. The research was motivated by a desire to develop surface sensitive optical techniques applicable to microparticles,' by the results of recent electrostatic charging experiments in dry and humid environments, 2 and by the recent theoretical' and experimental' research on the optical properties of layered particles. The experiments were performed by using individual polystyrene particles levitated in an electrodynamic trap, 5 and theoretical calculations were performed to aid in the interpretation of the experimental data. In Section II the basic theory of the elastic scattering by homogeneous and layered spheres is briefly reviewed. An approximate treatment of the shift of resonant features in the scattering spectrum of layered spherical microparticles is then presented. The results of calculations based on both the complete and the approximate treatments are displayed. In Section III the experimental apparatus is described, and the results of the experiments are presented. Conclusions drawn from the theory and the experiments are then discussed.
It is frequently convenient experimentally to monitor elastic scattering by single particles into a small aperture centered at 900 to the incident beam as a function of wavelength X or particle radius a.", 5 This scattering spectrum provides an alternative to angular intensity measurements 6 as a method to estimate the particle size and the refractive index and has the advantage that easily identifiable resonance peaks are present in the spectrum. 7 The transverse components of the electric fields scattered in the direction r to a distant detector by a homogeneous sphere of radius a and complex refractive index m, from a linearly polarized plane wave propagating in the z direction, derived from Mie theory, 8 
where Eo is the electric field amplitude of the incident plane wave, k = 2'rrIX, 0 is the scattering angle (angle between the r and the z directions), and + is the angle between the incident polarization plane (assumed to be xz) and the scattering (rz) plane. The summations to compute the fields converge fairly quickly, and n-ImI ka terms are usually sufficient.1 0 From the expressions for the fields it is not readily apparent which terms produce the observable features in the elastic scattering spectrum of a particle.
The coefficients an and bn have resonant denominators and so are rapidly varying functions of the particle size parameter. The coefficients may resonate several times, in the range ka < n < m I ka. These separate orders of resonance of a particular coefficient are identified by a second subscript, i.e., a particular resonance is designated a[TM(n, 1)] or b 0 , 1 I[TE(n, 1) ]. The resonance condition is that the imaginary part of the denominator goes to zero and the coefficients reach their maximum absolute value of 1.0 [Im(m) = 0A)]. The resonant coefficient multiplies arrn or rn in the summations, and so should, it would seem, produce large terms in the expressions for both components of the scattered field.
Examination of the properties of the angular functions shows that the scattered intensity averaged over a small aperture, centered at 0 = 900, will be dominated by the rn terms." Immediately it is seen from the form of the fields that a considerable simplification results from the use of an excitation polarization that is either parallel () = 0) or perpendicular ( = 90') to the scattering plane. The scattered radiation at 0 90° has one large component and one sum containing only Tn terms produces significant contributions to the scattered fields. If the incident polarization is parallel to the scattering plane, the prominent features are an (TM) resonances and for perpendicular incidence the bn (TE) modes are prominent. This permits the polarization type of each resonance in the experimental scattering spectrum to be assigned without knowledge of the particle size or the refractive index.
The number of resonances observed in the scattering spectrum depends on the size of the aperture used. In the limit of infinitesimal solid angle at 0 = 900, it is easy to show from the recurrence relations for 7rn and Tn (Ref. 9) that rn is zero for all even values of n, Tn is zero for all odd values of n, and T even = -(n + 1)Treven-i. The scattering is dominated by terms in the summations containing reven. Thus, if a sufficiently small aperture is used (AO << Tr/n,), centered at 0 = 90°, parallel incidence will yield scattering resonances for aeven[TM(even)], and perpendicular incidence will yield bevenTE(even)]. It is possible to identify not only which type of resonance is involved but also that its mode number is even by careful choice of incident polarization, aperture size, and viewing angle. In the experiments described below the acceptance angle used was large enough that both odd and even modes were observed.
The complete solution to the problem of the scattering of light by a concentrically layered sphere (one internal interface) was obtained byAden and Kerker.' 2 The expressions for the scattered fields are the same as those for a homogeneous sphere shown above, except that the expansion coefficients, an and bn, are more complicated because of the presence of an internal interface. 3 Thus, all the properties of the scattered fields described for the homogeneous sphere can be carried directly over to the layered sphere. Computer codes for homogeneous spheres and layered spheres have been published,' 4 and numerical calculations of the scattered fields are straightforward but time-consuming. A set of calculations was performed to determine how the resonance wavelengths shift as a layer of refractive index 1.333 is added to the homogeneous sphere of refractive index 1.59. Figure 1 shows the wavelength shifts of the pair of resonances TM(57, 4) and TE(57, 4) as a function of the layer thickness, assuming a core radius of 4.653 [Lm. The points are the positions calculated from the complete electromagnetic treatment described above, and the solid lines represent the shift obtained by using the approximations described below. The most striking thing is that the shift is considerably larger for the TM modes than for the TE modes. A set of calculations was performed to determine how the resonance wavelengths shift as the refractive index of a homogeneous sphere is changed. For small changes in refractive index, the TM and the TE resonances shift by the same amount. The complete treatment of the problem does not yield any insight as to the origin of this difference or to whether this is a general property of the scattering by a layered sphere.
Bhandari' 5 treated the problem of a thin surface layer on a homogeneous core perturbatively; and his results permit expressions for the shifts in the resonance frequencies as a function of the layer thickness and the refractive index to be derived. According to Bhandari, 5 the resonant denominators of the expansion coefficients of a layered sphere (CL, D') can be expressed in terms of the resonant denominators of a homogeneous sphere (C', D') and a first-order correction term. For a layered sphere, core size parameter of x = ka.ore, refractive index ml, total size parameter of x, = kat,, 0 ,, and layer refractive index m,, the expressions are 
Resonance occurs, as in the homogeneous case, when the imaginary part of a denominator goes to zero. To obtain an expression for the shift of a resonance, set the imaginary part of the layered sphere coefficient to zero. Expand the imaginary part of the homogeneous denominator around the resonant size parameter of the uncoated sphere. The first term in this expansion is zero (because this is the resonant size of the uncoated sphere), and the resulting expressions for the shifts in the resonant size parameters are
where
and it has been assumed that the Riccati-Bessel functions and their derivatives are slowly varying for E << 1. The fractional change in the resonant wavelengths are
where a is the radius of the core and t is the thickness of the layer. These expressions were used to obtain the straight lines overlaid on the complete calculations in Fig. 1 . The expression for the TE mode is simple and independent of the mode number n and the mode order 1. The expression yields the initial slope for the TE mode to better than 0.2%. The TM expression is more complicated and yields the initial slope for the TM mode to 2%. Significant deviations from linearity occur when the layer thickness to the particle radius ratio, tia, is larger than approximately 0.5%, but the expressions are quite good for thin surface layers. The approximate expressions yield some insights to the changes in the elastic scattering to be expected when a particle accretes material and forms a distinct surface layer. The resonances will shift to longer wavelengths, and, to first order, the shifts are in proportion to the layer thickness. If the index of the layer is smaller than the index of the core, the TM mode shift is larger than the TE shift. Conversely, if the layer index is larger than the core index, the TE shift will be the larger. The shift will be the same for both the TM and the TE modes if the particle size or the refractive index changes without formation of a distinct layer. The use of the expressions is that, once it is known that the shifts for the TM and the TE modes are different, the shift in the resonant wavelengths for the TE mode permits the thickness of a layer to be obtained without time-consuming numerical calculations of the elastically scattered fields. The theoretical analysis shows that the TM and the TE modes are experimentally distinguishable by simply changing polarization. The same distinction can be obtained by using incident unpolarized or circularly polarized light and by using an analyzer in front of the detector. The TM and the TE modes are expected to shift if a particle accretes material, and the shifts will be different for the TM and the TE modes if the accreted material forms a distinct layer of different refractive index at the particle surface and will be the same if the particle remains homogeneous.
Ill. Experimental Apparatus and Results
Figure 2 is a schematic of the experimental apparatus. The levitator is an electrodynamic device whose design and operation have been reviewed in detail elsewhere. 5 The applied DC potential is used to balance the particle's weight, and the AC potential provides a dynamic restoring force on the particle if it moves away from the center of the levitator. 5 The levitator is encased in a vacuum chamber that can be pumped down to a pressure of <10-3 Torr, and provision was made to backfill the chamber with water vapor and dry nitrogen gas.
The polystyrene particles used in the experiments were obtained by drying a drop of a commercial suspension (Dow Diagnostics) in a desiccator. To facilitate the electrical charging, the particles were dried on a Teflon disk. The particles were then rubbed gently with a Teflon rod, and the rod was then tapped lightly above the hole in the top plate of the levitator. Particles that detached in this way fell into the levitator and were caught by the electric fields. After a particle was trapped, it was brought to the center of the levitator and the DC voltage needed to balance its weight was measured. The ac voltage at which the motion of the trapped particle became unstable (i.e., onset of large amplitude oscillations) was then measured, and the combination of ac and dc voltage measurements yielded an estimate of both the particle mass and the charge. 7 The vacuum chamber was then sealed, and the system pumped down to 10-3 Torr. As the pressure dropped, the ac potential was reduced as much as possible to avoid arcing and dynamic instabilities of the levitator. The particle's charge-to-mass ratio became essentially constant after pumping on the system for approximately 30 min. The system was then flushed with dry nitrogen and reevacuated a couple of times. The particle's balance voltage and instability threshold were again measured at 760 Torr of dry N 2 . These measurements were performed at approximately the same pressure so that the correction for buoyancy (between air and dry N 2 ) could be neglected. These initial gravimetric measurements showed that individual polystyrene particles lost 0.1-1.0% of their weight when dried in a vacuum chamber. This is consistent with measurements reported by Schein 8 for the water uptake by polystyrene toner particles, but significantly larger than values obtained for large slab samples.' 9 To confirm this, the chamber was evacuated with a particle levitated in the trap, and water vapor was then backfilled. Figure 3 shows the fractional change in a particle's balance voltage as the relative humidity (RH) in the chamber was raised from 0 to 96% RH. added. These measurements show that the particles accrete water but give no indication of where the water resides.
To address this question, several optical measurements were performed. Levitated particles were illuminated with a tunable cw dye laser whose polarization could be selected using a quarter-wave plate and a linear polarizer. The light scattered by the particle into an 8 full-angle aperture centered at 90° was monitored by using a PMT. Scattering spectra were recorded by simply scanning the laser wavelength and recording the PMT current. The spectra were recorded in pairs, sequentially for two orthogonal incident polarizations (parallel and perpendicular to the scattering plane). A particle was initially levitated in air, and then the vacuum system was sealed and pumped down to 10-3 Torr. The system was flushed with dry nitrogen gas and reevacuated. A pair of spectra was then recorded with the incident light polarized parallel and perpendicular to the scattering plane. Water vapor was then slowly bled into the chamber until the water vapor pressure stabilized. The chamber temperature and the pressure were measured, and the measured pressure was converted to a RH by using the tables in the Handbook of Chemistry and Physics. 2 0 A second pair of spectra was then recorded for comparison with the pair taken in vacuum. Figure 4 shows a set of four experimental spectra obtained from a polystyrene particle and a pair of theoretical curves for comparison. The upper panel shows the parallel spectra, and the lower panel the perpendicular spectra. The experimental curves were obtained from the particle in vacuum and at 93% RH. The theoretical curves were obtained by calculating the elastic scattering spectra expected from a 4.653-jim sphere of refractive index 1.59, detected by using an 8 acceptance angle at 900 to the incident beam. The theoretical spectra compare well with those obtained from the particle in the experiments, and the prominent resonance peaks were identified on the basis of this match. The mode indices were identified by determining which coefficient in the sum to compute the scattered fields is resonant. The size of the particle used in the experiments is estimated to be 4.65 ± 0.05 jim. The uncertainty in this value is due primarily to uncertainties in the refractive index and the dispersion for the particular particles used in the experiments. This uncertainty does not affect the principal conclusions of this research because the shifts are produced by accretion of material, not the properties of the original particle.
The shift in the resonance positions between the experimental spectra are readily measurable, and the average shift was 0.48 ± 0.03 nm for the TE modes and 0.47 + 0.03 nm for the TM modes. The precision of these measurements was limited by the uncertainty in the positions of the resonance peaks in the spectra. This uncertainty is due primarily to slight asphericity of the polystyrene particles, leading to fluctuations in the scattering as the particle rotated Sp'a, and the lower panel shows the perpendicular spectra S"0.
Each panel contains three spectra: one taken of a particle in vacuum, another at 93% RH, and a theoretical spectrum for a particle with a radius of 4.653 pum and a refractive index of 1.59.
in the trap. 2 Using the results of the theoretical calculations described above, one would expect the difference between the TM and the TE wavelength shifts to be 0.14 nm, considerably larger than any difference permitted by the experimental results. These results indicate that the accreted water vapor goes principally into the particle bulk. This is further confirmed by comparing the measured change in the particle's dc balance voltage to the mass change expected from the optical measurements. For this particle, the measured fractional voltage change A VI V = AMIM = 0.8 + 0.08%. Interpreting the TE wavelength shifts as resulting from an optical size change that is due to a surface layer of water and assuming refractive indices of 1.59 and 1.333 and densities of 1050 and 1000 kg/m 3 for polystyrene and water, respectively, yields an expected fractional mass change for the particle of AMIM = 0.45 ± 0.05%. The incompatibility of the mass estimates and the lack of a difference in the shifts of the TM and the TE modes lead to the conclusion that most of the water vapor absorbed by the polystyrene particles does not reside in a distinct layer at the particle surface. The water absorbed by the particles must diffuse into the particle bulk and alter the refractive-index profile of the core, possibly accompanied by swelling of the particle.
A set of measurements was performed to characterize a particle optically as the RH in the chamber was raised. Figure 5 shows the position of a pair of TM elastic scattering resonances of a particle as the RH in the chamber was raised. The TM mode wavelength shifts to a longer wavelength with increasing humidity, and the shift is roughly linear, after an initial step below 5% RH. The results indicate that, above 5% RH, the particle absorbs water vapor in proportion to the external vapor concentration. In future research, the currently inaccessible region below 5% RH will be more thoroughly investigated. This study has shown that polystyrene particles, frequently used in microscopy and biological studies, absorb considerable amounts of water from the vapor phase. It seems likely that particles in aqueous suspension will absorb more than 1% by weight of water. This water diffuses into the particle bulk and should be considered when one is sizing polystyrene particles, particularly when the sample is transferred from a suspension or humid environment to a vacuum system (e.g., electron microscope). 2 2 In conclusion, resonant-ellipsometry is an optical technique capable of detecting small changes in the average size of a microparticle and detecting the presence or absence of a thin surface layer of refractive index different from that of the core particle. U.S. Army under grant ATM-89-05871. The author thanks S. Arnold for many helpful discussions concerning this research.
